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Abstract: In mountain ecosystems, plants are sensitive to climate changes, and an entire range of species 
distribution can be observed in a small area. Therefore, mountains are of great interest for climate–growth 
relationship analysis. In this study, the Siberian spruce‟s (Picea obovata Ledeb.) radial growth and its climatic 
response were investigated in the Western Sayan Mountains, near the Sayano-Shushenskoe Reservoir. Sampling 
was performed at three sites along an elevational gradient: at the lower border of the species range, in the middle, 
and at the treeline. Divergence of growth trends between individual trees was observed at each site, with micro-
site landscape-soil conditions as the most probable driver of this phenomenon. Cluster analysis of individual tree-
ring width series based on inter-serial correlation was carried out, resulting in two sub-set chronologies being 
developed for each site. These chronologies appear to have substantial differences in their climatic responses, 
mainly during the cold season. This response was not constant due to regional climatic change and the local 
influence of the nearby Sayano-Shushenskoe Reservoir. The main response of spruce to growing season 
conditions has a typical elevational pattern expected in mountains: impact of temperature shifts with elevation 
from positive to negative, and impact of precipitation shifts in the opposite direction. Chronologies of trees, 
growing under more severe micro-conditions, are very sensitive to temperature during September–April and to 
precipitation during October–December, and they record both inter-annual and long-term climatic variation. 
Consequently, it would be interesting to test if they indicate the Siberian High anticyclone, which is the main 
driver of these climatic factors. 
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Introduction 
Global warming has a significant impact on ecosystems of high latitudes and elevations. Mountain 
ecosystems are more vulnerable to climate change due to the limited area and steep gradients of external 
conditions; therefore, they can serve as indicators of its ecological consequences (Becker and Bugmann 
2001; Anderson and Goulden 2011; Tognetti and Palombo 2013). On the other hand, a variety of climatic 
and landscape conditions provides a high diversity of vegetation in mountains, primarily along of 
elevational gradients (Körner 1995, 2003, 2007; Becker et al. 2007; Sang 2009; Xu et al. 2017; Fauquette et 
al. 2018). The distribution of mountain vegetation is closely connected with the heat and moisture supply, 
primarily depending on elevation (Hamann and Wang 2006; Li et al. 2014). At the local level, the climatic 
response of vegetation is regulated by both abiotic factors and biotic interactions (Case and Duncan 2014; 
Wieser et al. 2014; Müller et al. 2016). As a result, in mountains climate change is reflected in both the 
growth and development process of plants and their distribution ranges (Gottfried et al. 1999, 2012; Körner 
2000, 2009; Gonzalez et al. 2010; Subedi et al. 2015; Rumpf et al. 2018). Inconsistent and sometimes 
contradictory responses to the warming (both positive and negative) observed in empirical studies can be 
explained by the complexity of interacting factors on local and individual scales (Wilmking et al. 2004, 
2005; Lyu et al. 2016; Latreille et al. 2017; Wypych et al. 2018), but this question is far from being 
completely answered. 
A detailed investigation of the relationships between trees and environment is necessary to better 
understand the pattern of mountain forest ecosystems‟ response to warming. Many works are focused on 
revealing the response of woody plants to a temperature increase at the upper limit of their growth, i.e. 
under the conditions of a clear limitation of growth by temperatures (Wang et al. 2005; Jiao et al. 2016; 
Jochner et al. 2018). The majority of researchers observed reliable tree growth response to the variation of 
spring-summer air temperature (Naurzbaev and Vaganov 2000; Briffa et al. 2004; Chen et al. 2015; Wang 
et al. 2015; Helama and Sutinen 2016; Zhang et al. 2016). However, some works have also revealed winter 
temperatures‟ effect on the growth of woody plants on both upper and northern tree-lines, e.g. in 
Scandinavia, Canada, and on the Tibetan Plateau (Jonsson 1969; Mäkinen et al. 2000; Miina 2000; Chhin 
et al. 2008; Lo et al. 2010; Helama and Sutinen 2016; Lyu et al. 2016). These results are important because 
the most pronounced trend of modern warming is observed during the cold season in the continental part of 
Asia including Siberia (Chapman and Walsh 1993; Rogers and Mosely-Thompson 1995; Savelieva et al. 
2000; Kattsov and Semenov 2014; Kug et al. 2015). 
The features of the mountains include a significant elevational spread not only of forest ecosystems, but 
also of individual species of woody plants (Vitasse et al. 2009). Examining the growth of one species at 
different elevations makes it possible to consider the variability patterns of the climatic response from two 
sides: 1) due to spatial (mostly elevational) temperature gradient with average lapse rate of 0.65°C per 
100 m of elevation (Maurer et al. 2002; Hamlet and Lettenmaier 2005; Chae et al. 2012; Wypych et al. 
2018); 2) due to the temperature temporal variation at a fixed elevation (Wilmking et al. 2004, 2005; 
Driscoll et al. 2005; Lei et al. 2016). However, we hypothesize that due to highly mosaic landscape, in 
mountains integrity of the observed climate–growth relationships can be achieved only if small-scale (local 
and individual) factors influencing tree growth are also taken into account. 
In the conditions of the Western Sayan mountains, the Siberian spruce (Picea obovata Ledeb.) is a 
species spread practically from the foothills to the upper treeline. This region is convenient to perform 
research in moderate latitudes of continental Asia, because it is a part of its vast mountain system 
(including Sothern Siberia, Mongolia, Northern China, Tibet etc.), but is not well-studied from a 
dendroecological point of view. To close this gap, in the present work we pursued several objectives: 1) to 
analyze climatic dynamics in the Western Sayan mountains; 2) to perform dendroclimatic analysis of 
Siberian spruce along the elevational gradient across all its range; 3) to examine if small-scale factors 
significantly impact patterns of spruce growth or climate–growth relationships in the study area.  
1    Materials and Methods 
1.1 Study area 
The study was conducted on the Borus Ridge, which is located on the northern macroslope of the 
Western Sayan Mountains (Figure 1). The foothills begin at 300-400 m asl, and the maximum elevation of 
the ridge is 2318 m asl. This variety of elevations yields vegetation cover diversity, but most of the area is 
occupied by taiga forests. Conifer trees in the study area are represented by several species: Scots pine 
(Pinus sylvestris L.) and Siberian larch (Larix sibirica Ledeb.) grow from foothills up to ~1000 m asl with 
occasional trees at higher elevations. Siberian fir (Abies sibirica Ledeb.) can be found throughout the forest 
belt. The range of Siberian spruce (Picea obovata Ledeb.) and Siberian pine (Pinus sibirica Du Tour) is 
~500-1400 m asl, but below 800 m asl Siberian pines are rare. In the foothills, forests border on the steppes 
of the Minusinsk depression, and in the highlands they are replaced by alpine meadows and barren rocks at 
an elevation of 1300-1500 m asl (depending on slope direction). Soils of the forest belt are loamy, shallow, 
and podzolic. Throughout all the elevations, there are numerous outcrops of solid rocks and stone taluses. 
The thickness of the fertile soil layer decreases on steeper slopes; conversely, the quantity of hard rock 
increases with slope steepness. 
The climate of the study area is sharply continental, with cold winters and relatively hot summers. 
Mean annual temperatures are close to zero. In summer, the air temperature can rise episodically to +40°C; 
in winter it can drop to -50°C. Precipitation during the year is unevenly distributed, with the maximum in 
July and minimum in February-March. With increases in elevation, the temperature lapses and the amount 
of precipitation increases, especially snowfall. The annual amount of precipitation rises from ~350 mm in 
the valley to more than 1200 mm at the treeline. The dynamic of the regional climate in recent decades has 
been greatly influenced by the creation of the large and deep Sayano-Shushenskoe Reservoir (surface area is 
620 km2, the greatest depth is 220 m) on the Yenisei River. The filling process of the reservoir started in 
1978 and continued until 1990 (Popov and Shatravskii 1994). 
1.2 Sampling sites 
The samples were taken from Picea obovata trees in the National Park "Shushensky Bor" at three sites 
along the elevational gradient (Figure 1, Appendix 1): ~520 m asl (LOW, 52.83°N, 91.45°E), ~960 m asl 
(MID, 52.80°N, 91.48°E) and ~1320 m asl (HIGH, 52.81°N 91.51°E). Site selection was determined by 
logistic accessibility requirements and the range of spruce in the study area, i.e. from the lower limit to the 
upper one. The territory status as a conservation area ensures the minimal human impact on these 
ecosystems. However, all sites are located within 10 km east of the dam of the Sayano-Shushenskoe 
Reservoir. The LOW site is covered by fir-birch forest with individual trees of Siberian and Scots pines 
(canopy closure > 80%); spruce trees (average tree height ~30 m, their diameter at breast height (DBH) 30-
50 cm) grow in the valley near the stream and on the adjacent slope of the northern orientation. The MID 
site is covered by Siberian pine forest mixed with Scots pine and spruce (100% canopy closure, ~10% of 
spruce trees, tree height ~20-25 m, DBH 20-40 cm), in the undergrowth young spruces are more abundant 
(~30%); the slopes are east- and west-oriented. The HIGH site is also covered with Siberian pine forest with 
some fir and spruce, but it is sparse (<50% canopy closure); most of the spruce trees (tree height 10-15 m; 
DBH 15-30 cm) grow in the small north-oriented valley with a stream and on the east-oriented slope 
covered by stone runs. Highly heterogeneous terrain yields landscape and soil variety within each site up to 
the scale of individual trees. 
1.3 Dendrochronological data 
Sampling was performed by selecting 30-40 adult living trees from each site having a relatively small 
area (diameter <200 m), with the aim of minimizing effects of competition (closest neighbors at distance >2 
m), tree social status (only dominant and sub-dominant trees were selected), and disturbance events 
(excluded trees with signs of damage). Due to landscape unevenness, growth conditions were noted for each 
individual tree. The samples (cores) were taken with the incremental borer at breast height (~1.3 m). The 
collection, transportation, and preparation for measurement of samples were carried out using standard 
dendrochronology techniques (Cook and Kairiukstis 1990). Tree-ring width (TRW) was measured with a 
semi-automatic system LINTAB 5 to the nearest 0.01 mm in the TSAP Win program (Rinntech 2011). 
Cross-dating of TRW series was carried out in the COFECHA program (Holmes 1983). In the raw series, 
long-term non-climatic trends associated with age, size and stand dynamics were fitted as individual 
exponential functions and then removed by dividing the measured TRW values by the trend function values. 
As a result, standard indexed individual series were obtained; then they were averaged with a bi-weighted 
mean into generalized chronologies. The standardization and generalization of chronologies were carried 
out using the ARSTAN program (Cook and Krusic 2005). The generalized age curves for each site were 
approximated by negative exponential functions fitted using the method of least squares. 
1.4 Climatic data 
For Siberia and especially its mountainous regions, a relatively low density of settlements and logistical 
issues are typical. As a consequence, weather stations in the region are located at large distances from each 
other, which severely limits their selection. In this study, the local weather station Cheryomushki was 
selected as the main source of climatic data – namely, monthly and daily series of mean temperature and 
amount of precipitation for 1951-2015. This station is located in the foothills of the Borus Ridge, within 
4 km to the northeast from the dam of Sayano-Shushenskoe Reservoir and in 4-9 km from the sampling 
sites (Figure 1). On the base of monthly series, temperatures and precipitation were integrated (mean value 
and sum, respectively) during cold (November–March) and warm (April–October) seasons, defined by 
using a 0°C temperature threshold in Cheryomushki. Additionally, corresponding monthly climatic series 
from two other weather stations were used to analyze regional climate trends and to estimate the 
elevational gradients of temperature and precipitation: Olenya Rechka (high mountains of the Western 
Sayan, ~110 km to the east) and Minusinsk (Minusinsk depression, ~100 km to the north). Coordinates and 
climatic characteristics of used weather stations are shown in Table 1. 
To evaluate the timing of the vegetative season (T > +5°C) during certain years, average values of 
temperature were calculated for each month at Cheryomushki and Olenya Rechka stations. Then, average 
monthly temperatures were calculated for each site from the two stations‟ data with interpolation based on 
the elevations of sampling sites and stations (Figure 2). 
To determine the timeframe of the climatic impact on TRW, the moving (21-day window and 1-day step) 
series of mean temperature and precipitation amount were calculated based on daily data from the 
Cheryomushki station. These series have the same length of 65 years (1951-2015) as the original daily data, 
which should ensure sufficient reliability of the revealed patterns in the climatic signal. A similar approach 
with windows of 10-25 days has already been used to analyze the climatic signal in chronologies not only of 
TRW, but also of other wood structure parameters (Helama and Sutinen 2016; Carrer et al., 2017; 
Castagneri et al., 2017; Belokopytova et al. 2018). 
1.5 Statistical analysis 
This study utilized the following statistical characteristics of TRW chronologies: arithmetic mean; 
standard deviation; mean inter-serial correlation coefficient (Pearson's paired correlation coefficient 
between every pair of individual series in the set in question, calculated with a 50-year window and 1-year 
step and then averaged); signal-to-noise ratio (𝑆𝑁𝑅 = 𝑁 ∙ 𝑟  1 − 𝑟  , where 𝑁 is the sample size, 𝑟 is the 
average inter-serial correlation coefficient); mean coefficient of sensitivity (the ratio of the modulus of two 
successive values‟ difference to their arithmetic mean averaged over the entire length of the series); and, 
first-order autocorrelation coefficient (Cook 1985; Shiyatov 1986; Cook and Kairiukstis 1990). For climatic 
series, only the arithmetic mean and standard deviation were used. The classification of the total set of 
individual trees sampled at the site into sub-sets was carried out with hierarchical classification using the 
complete linkage method; inter-serial correlation coefficients were used as a measure of the closeness 
between individual TRW series. 
Time trends were calculated as a simple linear regression function. Linear relationships between 
variables (climatic factors and / or TRW chronologies) were estimated by Pearson's correlation coefficients 
and also by linear regression. Significance in correlation analysis and significance of differences between 
sub-periods in climatic series were tested using Student's t-distribution. 
Statistical analysis was performed using Microsoft Excel, all TRW statistical characteristics but SNR 
were calculated in ARSTAN. 
2    Results 
2.1 Comparison of climatic series and their dynamics 
The climatic trends during the period of the instrumental observations are uneven, and it is helpful to 
compare two 30-year consecutive sub-periods (cf. so-called climatic normal in WMO 2007): 1951-1980 and 
1981-2010. Trends in the amount of precipitation are insignificant for all considered periods. During 1951-
1980 the significant cold season warming by 0.81-0.97°C per decade was observed at Minusinsk and 
Cheryomushki stations, and during 1981-2010 all three weather stations recorded significant increase in 
warm season temperatures by 0.28-0.46°C per decade (Figure 3). Over the entire period of the instrumental 
series (1951-2015), significant positive trends are observed for temperatures of both cold (1.06°C per decade 
at Cheryomushki and 0.30-0.58°C per decade at other stations) and warm seasons (0.16-0.23°C per 
decade), as well as the average annual temperatures (0.24-0.56°C per decade). 
A comparison of average annual and seasonal values of temperatures and precipitation between 1951-
1980 and 1981-2010 sub-periods (Table 1) show that there was no significant change of precipitation. At the 
same time, the temperatures of warm and especially cold seasons have significantly increased. 
Cheryomushki station is characterized by higher winter temperatures compared to the other stations, 
especially after the construction of the dam, which led to an increase in local winter temperatures by 4.1°C 
in 1981-2010 compared to 1951-1980, while at other weather stations the increase is only by 1.1-2.0°C. The 
increase in average temperatures of the warm period for these sub-periods is only by 0.6-0.7°C, according 
to all three stations (i.e. only a long-term regional trend was observed). 
The weather station Olenya Rechka is situated at a high elevation, the local climate there is 
characterized by lower temperatures and more precipitation compared to the other stations throughout the 
year, but a temperature lapse is observed primarily in summer, and a greater amount of precipitation is 
more pronounced in winter. Comparison of the Cheryomushki station‟s seasonal climatic series with 
respective series from other stations is shown in Figure 4 (analysis of separate monthly series is shown in 
Appendix 2). The temperature dynamic correlates very highly between all stations within the region, both 
for individual months and for the entire seasons. For precipitation, correlations are lower, however all 
correlations are still significant at p < 0.05. 
Estimation of the average intra-annual temperature dynamics at the sampling sites (Figure 2) allowed 
to evaluate the timing of vegetative season (T > +5°C) at each site for both sub-periods. Along the 
elevational gradient, in 1951-1980 the average duration of the vegetative season decreased from 159 days 
(Apr 27 – Oct 3) at the LOW site to 138 days (May 9 – Sep 24) and 118 days (May 20 – Sep 15) at MID and 
HIGH sites respectively (i.e. its lapse rate is ~5.1 days per 100 m). Regional and local warming has led to an 
increase in its duration by ~8 days and an earlier season onset by ~5 days in 1981-2010, compared with the 
previous sub-period. The elevational lapse rate, however, stayed the same. 
2.2 Tree-ring chronologies 
Initially, standard TRW chronologies were developed from all the samples at each site. The statistical 
characteristics of these chronologies are shown in Table 2. The most pronounced difference between 
chronologies along the elevational gradient was observed in the growth rate and age composition of the 
stand. With an increase in elevation, the radial growth of trees sharply decreases and its age curve becomes 
less steep (Figure 5). The age of trees, on the contrary, increases: at the upper limit of the spruce 
distribution, trees are on average 2.5 times older than on the lower one. 
The standard deviation and sensitivity of local chronologies are relatively low. They are maximal at the 
upper boundary and minimal in the center of the spruce distribution range (Table 2, Appendix 3). But their 
changes along the gradient are not large. Mean inter-serial correlation coefficients are significant but low 
(0.24-0.27), but the maximal correlations between individual series reach 0.87. This indicates that trees 
growing within the site can be divided into different groups with significant differences in the growth 
dynamics, while retaining a certain synchrony of reaction to external conditions. Therefore, for each site, 
clustering was carried out based on inter-serial correlation, to distinguish reliably two sub-sets of trees, for 
which mean inter-serial correlation increased to 0.29-0.43. The age characteristics and sensitivity of the 
chronologies for the selected sub-sets do not differ from those for the full local sets; the standard deviation 
is slightly higher for most sub-sets (0.17-0.25 for sub-sets and 0.17-0.20 for full sets). Size of sub-sets A and 
B is comparable (differs less than twice) at all three elevations. It should be noted that the signal-to-noise 
ratio of the sub-set chronologies is slightly less than for the full sets due to their smaller size, but it is still 
sufficient to reliably reveal the common signal in TRW. 
Comparing micro-conditions for A and B sub-sets of trees, we discovered that at each site, sub-set A 
mainly consisted of trees growing on steeper and stonier slopes; trees growing in more favorable micro-
conditions (depressions of landscape with a deeper and less stony fertile soil layer) were mainly included in 
sub-set B (Appendix 4). Dynamics of the sub-set standard TRW chronologies is shown in Figure 6. At all 
elevations, sub-set chronologies have synchronous with each other inter-annual fluctuations, but during 
some periods there is a divergence in the low-frequency components of growth, which is especially 
pronounced after 1980: trees from sub-sets A at all elevations have a steep increment of TRW during this 
period, while sub-sets B show significant negative trends. Periods of divergence on a decadal scale were also 
observed earlier, e.g. at HIGH and MID sites in 1920-1960 the faster growth was observed in sub-sets B. 
Within each site, the full local chronologies are highly correlated with sub-set chronologies (0.49-0.94). 
The sub-set chronologies‟ correlations between each other are lesser, but they are significant too (0.22-
0.40), slightly increasing with elevation (Table 3). Between the different sites‟ chronologies, correlations of 
different signs are observed depending on the sub-set; the correlations are most negative between the 
chronologies of the lower and upper spruce range boundaries (from -0.38 to 0.15). Chronologies from the 
middle of the range have some similarities with both boundaries. It should also be noted that when 
comparing chronologies from different elevation, correlations between sub-sets A are always positive (0.15-
0.47), reaching a maximum when comparing MID A and HIGH A. Correlation coefficients between sub-sets 
B and between different sub-set types have wider variety of values. 
2.3 Dendroclimatic analysis 
To analyze the effect of seasonal dynamics of temperature and precipitation on spruce growth, 
correlations between TRW chronologies and moving 21-day series of these climatic variables were 
calculated (Figure 7). At all three elevations, the climate response of the sub-sets differs significantly. The 
most drastic difference is observed for the cold season from September to April, when all sub-sets A react 
positively to the temperature, and the sub-sets B have neutral (LOW, MID) or negative (HIGH) temperature 
response. In addition, sub-sets A at all sites experienced a more pronounced positive effect of precipitation 
in the first half of winter (October–December) and in spring (April–May). The climatic influence during the 
current growth season depended more on the site elevation, but its intensity was also slightly higher for 
sub-sets A. With increasing elevation, the response to May–June temperatures changes from negative to 
positive, while the response to precipitation turns from positive to negative. In the center of the spruce 
range, the climate–growth relationship is closer to the one observed at the lower boundary. In general, the 
response to the climatic factors of the growing season shifts to later dates as the elevation increases. 
The homogeneous climate response during several consequent months leads to the conclusion that the 
climatic series integrated from monthly data for such a season have higher correlations with spruce growth 
(Table 4). E.g., reactions to the cold season temperatures and precipitation reach 0.32-0.51 and 0.32-0.37, 
respectively, for positively sensitive sub-sets A. 
Since temperatures changed significantly over the decades under consideration, especially during the 
cold season, it was productive to compare 1951-1980 and 1981-2010 sub-periods. In this analysis, it should 
be taken into account that the short length of the series (30 years) leads to a decrease in the statistic 
reliability of revealed regularities. Nevertheless, there is a tendency toward shifting the correlations of 
spruce TRW with temperatures in the negative direction without regard to the elevation. For example, the 
correlations of the LOW site chronologies with the cold season temperatures changed from positive (up to 
0.57) to insignificant negative values (down to -0.14). At the HIGH site, for sub-set A the positive 
correlation (0.14) with cold season temperature was replaced by a negative one (0.20), and for sub-set B, 
the negative correlation strengthened from -0.23 to -0.36. The decrease in correlations of TRW with 
temperatures was also observed in May–June, but it was less substantial. There were no significant patterns 
observed in the dynamic of growth reaction to precipitation. 
Analysis of low-frequency components of time series variation showed that the smoothed chronologies 
of sub-sets HIGH A and MID A (by 11-year moving average) have very high correlations with the smoothed 
series of September–April temperature (0.90 and 0.85, respectively) and October–December precipitation 
(0.79 and 0.72, respectively) (Figure 8). These smoothed series of climatic parameters of the cold season 
strongly correlate with each other as well (0.68), despite insignificant correlations in their series per se 
(0.19). 
3    Discussion 
This study revealed discrepancy of the spruce radial growth, which is related to winter temperatures 
and most contrastingly manifested at the upper limit of spruce distribution. It shows that possible reasons 
of divergence in woody plants growth (see review by D‟Arrigo et al. 2008) can be more diverse by nature. In 
the investigated regional conditions, divergence is probably the result of a complex interaction of climate, 
soil and landscape of micro-site, and characteristics of individual trees (genetic, adaptive) or their groups. 
Such small-scale discrepancy was detected previously by Wilmking et al. (2004, 2005), who proposed 
sorting trees into groups of positive and negative “responders” in regard to direction of their reaction to 
current temperature trends. 
3.1 Regional climate 
Similar to other regions of Central Asia, warming in Southern Siberia is expressed primarily during the 
cold season, while summer temperatures increase more slowly (Chapman and Walsh 1993; Rogers and 
Mosely-Thompson 1995; Savelieva et al. 2000; Kattsov and Semenov 2014; Kug et al. 2015). Taking into 
account that winter temperatures also have a larger amplitude of year-to-year fluctuations in comparison 
with summer ones, we can assume a more significant influence of winter temperatures on vegetation of the 
study area in comparison with other regions. In addition, the regional trend is exacerbated by local winter 
mitigation after completion of the Sayano-Shushenskoe Reservoir dam. For example, according to 
Kosmakov (2001), the ice cover freeze-up in the reservoir near the dam occurs only in January, which is 1.5-
2 months later than before the dam‟s construction. All of this makes Borus Ridge a promising testing 
ground for analyzing the impact of changing winter temperatures on mountain ecosystems. 
Despite the considerable temperature gradients in the mountain areas, the analysis showed a very high 
uniformity of the temperature field variation within the region, i.e. the interrelations between the 
temperatures of different locations are practically linear, regardless of elevation. Weaker relationships 
between precipitation series indicate their relatively high spatial heterogeneity, but it should also be taken 
into account that the distance from the Cheryomushki station to the sampling sites does not exceed 10 km. 
This allows using of its climatic series to analyze the climatic response of trees at different elevations with a 
high degree of reliability. 
Olenya Rechka station is located at the same latitude but above the upper boundary of the spruce 
distribution. Using its data allowed simulation of local temperatures and estimation of the approximate 
timing of the vegetative season at all three sites, based on the known linear temperature dependence on 
elevation (Hamlet and Lettenmaier 2005; Chae et al. 2012; Wypych et al. 2018) and the uniformity of the 
temperature field within the region. 
3.2 Growth patterns of spruce 
The elevational gradients of the decrease in the duration and temperatures of vegetative season seem to 
yield a significant decrease in the wood cell production with elevation, due to a shorter period of cambial 
activity, and due to the positive relationship between temperature and cell division rate in the cambial zone 
(Vaganov et al. 2006; Begum et al. 2013; Rossi et al. 2014; Jiang et al. 2015; Kraus et al. 2016; Ziaco and 
Biondi 2016). Accordingly, TRW decreases for trees of all ages (Figure 5). The converse of this pattern is an 
increase in tree life-span along the elevational gradient. As is shown in several studies, this pattern is due to 
the interaction of a complex of factors associated with both vegetative season temperature decrease 
(because slower metabolism leads to a decrease in oxidative stress and in telomere length reduction in cells), 
and with the growth rate (e.g. minimization of size-related limitations of physiological effectiveness and tree 
durability) (Di Filippo et al. 2012, 2015; Körner 2016). 
The coefficients of sensitivity of spruce TRW chronologies are low compared to other conifer species of 
the region (cf. Babushkina et al. 2011) and do not seem to depend on growth conditions, indicating stable 
growth and relatively low influence of year-to-year external conditions‟ fluctuations. Besides that, its values 
are comparable with the observations of other researchers for various spruces (Mäkinen et al. 2002; Savva 
et al. 2006; Sidor et al. 2015; Jiao et al. 2016; Lei et al. 2016), i.e. low mean coefficient of sensitivity is 
typical for spruce genera. Despite this, TRW of spruce can contain a significant climatic signal, which is 
confirmed by the findings of this study. 
Low inter-serial correlation coefficients indicate that, apart from the general climatic influence, there 
are other factors within the site which make a significant contribution to the variability of growth on the 
scale of individual trees. Other observation of individual-scale factors‟ input in spruce growth patterns was 
made in Canada (Montoro Girona et al.2016, 2017) It is logical to assume that at the study area this role is 
played by micro-conditions (Barber et al. 2000; Kulagin et al. 2006; Monnier et al. 2012; Lange et al. 2016), 
which are characterized by high diversity and mosaic structure in mountain ecosystems due to high terrain 
heterogeneity. This is confirmed by analysis of local sub-sets based on inter-serial correlation coefficients. 
Trees growing on stony slopes were gathered in one sub-set A at all three elevations. Splitting the local 
sample set into two sub-sets does not change the range of sensitivity, which indicates that for spruce in the 
study area this characteristic is independent from local conditions, as well. 
The input of other small-scale factors, such as competition and social status of tree, was minimized in 
process of tree selection for sampling. Age and size effects were at least partially taken into account by 
standardization of TRW chronologies; besides, sub-sets don‟t have difference in age structure (Table 2). 
These facts also support our assumption about micro-conditions as main small-scale contributor to spruce 
growth patterns in the study area. 
Synchronicity of the inter-annual oscillations in full and sub-set TRW chronologies within each site and 
positive significant correlations between them indicate the presence of an external signal common to both 
sub-sets, but varying with elevation, i.e. being climatic in nature. Nevertheless, the divergence between the 
sub-sets suggests that, for some climatic factors, the impact on spruce growth can be substantially 
transformed by micro-conditions. In this case, the dynamics of this divergence can also be an indicator of 
factors the response to which differs between sub-sets. In the light of this assumption it is interesting to find 
out what the divergence of growth trends may be due to, especially the strong one after 1980. 
In some recent works, the local samples of conifers‟ individual TRW series were divided into sub-sets 
according to their response to climatic factors (Wilmking et al. 2004, 2005; Driscoll et al. 2005), which 
obtained a higher quality of resulting generalized chronologies. In our study, a reverse approach was 
proposed – classification into sub-sets by the criterion of the maximum common signal (inter-serial 
correlation), and the resulting chronologies have a significantly different climatic response. It would also be 
interesting in further research to test this classification against other methodological approaches to analyze 
of individual trees‟ growth patterns (cf. nonlinear models in Montoro Girona et al. 2017, classification by 
growth rate in Babushkina et al. 2015). This will provide better understanding of the factors involved in this 
divergence phenomenon. 
3.3 Climatic response of spruce 
The positive response of spruce growth to the temperature of the cold season and the precipitation of 
its first half is expressed in those trees that grow on steeper slopes with stony and less fertile soil (sub-sets 
A). In such conditions, the snow cover is set slowly, often slides down the slope and generally has a 
shallower depth than on flat terrain and especially in valleys. Rocky outcrops and stones also cool much 
faster than fertile soils. As a result of these combined factors, the soil freezes faster and deeper, and low 
winter temperatures can cause damage to the root system (especially fine roots), suppressing the growth of 
trees in the next season (Ruess et al. 1998; Groffman et al. 2001; Tierney et al. 2001; Weih and Karlsson 
2002). Cold winters are also a stress factor for plants because they can cause physiological shock in the 
foliage, which adversely affects plant growth and development in the next season (Kullman 1993; Oleksyn et 
al. 1998; Wang et al. 2005). During the second half of the cold season, the amount of precipitation in the 
region decreases, and the snow cover already achieves a maximal depth possible for the given landscape. As 
a result, the positive influence of precipitation weakens. 
For trees growing in more favorable micro-conditions (sub-sets B), the positive reaction to winter 
precipitation is less pronounced. On the other hand, possible negative response of growth to winter 
temperatures in these conditions is supported by findings described, for example, in Scandinavia (Mäkinen 
et al. 2000; Miina 2000; Helama and Sutinen 2016). Some researchers associate such a reaction with 
disturbances in the balance of carbohydrates due to the mild winter, and the subsequent loss of needles, 
which leads to a slow growth of earlywood in the next spring (Jonsson 1969; Skre and Nes 1996). However, 
evidence of the effect of mild winters on the balance of carbohydrates is contradictory. According to other 
data, an increase in winter temperatures may cause a decrease in the loss of carbohydrate reserves 
accumulated at the end of the past vegetative season, providing more active growth (Yuan and Li 1999; 
Cullen et al. 2001). Regardless of the possible mechanisms, the ambiguous effect of winter conditions on 
spruce growth is confirmed by comparing long periods with relatively severe (1951-1980) and mild winters 
(1981-2010): after an increase in winter temperatures, the positive response to them weakened, and the 
negative response intensified (Table 4). A similar dynamics of the spruce‟s climate response caused by 
climate change is found, for example, in northwest China (Lei et al. 2016). 
Elevational patterns of spring-summer temperatures and precipitation influence on the spruce growth 
are typical for the mountain zonality of vegetation distribution. At the upper limit, the spruce distribution 
and growth are limited by a lack of heat, so a positive response to the temperature of the end of May and 
June is observed. The amount of spring-summer precipitation at this elevation is sufficient or even 
redundant in terrain depressions (HIGH B), which provides a neutral-negative response (Helama and 
Sutinen 2016; Yang et al. 2017). At the lower limit of the range, spruce, with its relatively high requirements 
for soil moisture, starts to suffer from its deficit before other conifers, which causes in May a positive 
correlation of growth with precipitation and a negative one with temperature as a regulator of soil moisture 
losses (Mäkinen et al. 2002; Babushkina et al. 2011; Lei et al. 2016; Chen et al. 2017). Consequently, in the 
center of the range with intermediate climatic conditions, the climatic response during the period of tree 
ring development is substantially dependent on micro-conditions; for example, a positive effect of May 
precipitation is observed only for trees growing on slopes (MID A). In addition to the direction of the 
response to climatic factors, the elevational gradient is also observed in its timing: the maximum response 
to temperatures shifts from mid-May (LOW) to mid-June (HIGH). Obviously, this pattern is caused by the 
elevational temperature gradient and the corresponding changes in the cambial activity period (Rossi et al. 
2008, 2014; Begum et al. 2013; Kraus et al. 2016). 
The question arises, why is the degree of spruce growth limitation by spring-summer temperature low 
even on its upper distribution limit in comparison to other studies of the upper and northern treeline? A 
possible cause of this phenomenon may be the sharply continental climate of the region, which is located 
practically in the center of Asia. Very large difference between summer and winter temperatures means that 
along the elevational lapse of temperature, frosty winters begin to limit tree growth earlier (i.e. at lower 
elevations) than the lack of heat during the growing season. As a result, the range of species simply does not 
reach a point of limitation by spring-summer temperatures. Indirect evidence for this assumption is that at 
the HIGH site, unlike the cold season, the warming trend of summer temperatures is not accompanied by a 
change in their influence on growth. 
It should be noted that sensitive to the cold season's climate chronologies capture not only its annual 
fluctuations, but also long-term trends, as indicated by extremely high correlations observed between 
corresponding smoothed series. It is known that winter temperatures throughout all of Central Asia have a 
strong negative relationship with the Siberian High (Gong and Ho 2002). On the other hand, as shown in 
the same study, the relationships of winter precipitation with this anticyclone are ambiguous, uneven, and 
complicated by the impact of regional terrain and by the spatial heterogeneity of this climatic factor. 
Nevertheless, high correlations between long-term variation of cold season temperature and precipitation 
may indicate the negative influence of Siberian High in the study area on precipitation, as well. In this 
connection, it seems promising to study the possibilities of using the obtained chronologies of the Siberian 
spruce radial growth for the reconstruction of the dynamic of this center of atmospheric circulation which is 
clearly important to Asian continent. 
Persistence of positive and negative responders‟ quantitative comparability along elevational gradient 
is reassuring in regards to stability of spruce distribution range (and thus to implications for forest 
management and preservation) in the face of climate change. It gives grounds to hope for survival or even 
prosperity of significant part of the spruce stand, provided by high small-scale diversity of landscape in 
mountains, under any direction of long-term climatic trends. This is in general agreement with observation 
of Körner (2009) about adaptation of plants to climate change in Alps: “small scale mosaic of life conditions 
commonly permits short distance escapes from what might become a too warm or too dry microhabitat”. 
Human activity (reservoir building) forces some local climatic trends on the Borus Ridge to outpace 
regional climate change, therefore findings of this study portray rather optimistic precursor to the future 
behavior of spruce mountain forests in the rest of the region. 
4 Conclusion 
This study confirmed that in mountain forest ecosystems, micro-conditions significantly modify the 
climatic effect on the growth of conifers, particularly Siberian spruce, across the whole range of its 
distribution, leading to a divergence in growth trends and climatic responses. Main climate-growth 
relationships observed during growing season vary with elevation (shifting from negative to positive for 
temperature influence, and vice versa for precipitation) due to respective climatic gradients, as is expected 
for mountain forests. Classification of trees into sub-sets accordingly to growth patterns allowed us to 
obtain TRW chronologies of spruce having a strong response to the climatic conditions of the cold season. 
This is particularly important in light of the high rate of recent winter temperature increase in the region. 
These chronologies can be used to analyze and reconstruct both annual and long-term variation of the cold 
season temperatures and precipitation, and they also seem promising as possible indicators of the 
atmospheric circulation patterns in Central Asia. 
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 Figure 1 Study area. Triangles represent weather stations; circles represent sampling sites. 
 
 Figure 2 Average intra-annual temperature dynamic interpolated from Cheryomushki and Olenya Rechka monthly 
series (a) for HIGH (b), MID (c) and LOW (d) sampling sites over 1951-1980 and 1981-2010 sub-periods. Dashed line 
represents 5°C temperature threshold of vegetative season. 
 
 
Figure 3 Inter-annual dynamic of April–October (a) and November–March (b) temperatures at weather stations 
Minusinsk (Min), Cheryomushki (Cher) and Olenya Rechka (OlR). Straight lines represent linear trends calculated for 
1950-1980 and 1981-2010 sub-periods separately; trend slope and R2 values are given in legend. 
 
 Figure 4 Relationships of Cheryomushki weather station climatic series of cold (November–March) and warm (April–
October) seasons with corresponding series from Minusinsk and Olenya Rechka stations over 1951-2015 period: mean 
temperatures (a, b), sum of precipitation (c, d). 
 
 
 Figure 5 Age trends in TRW of Picea obovata: age-aligned individual TRW measurements for HIGH (a), MID (b), and 
LOW (c) sites, and comparison of fitted mean (lines) and 95 percentile (shades) exponential age curves for full samples 
at each site (d). 
 
 
 
Figure 6 Time plots of standard indexed TRW chronologies. Straight lines are linear trends fitted since 1981. 
  
Figure 7 Correlations of sub-set standard TRW chronologies with temperature (a-c) and precipitation (d-f) moving 
series (21-day window, 1-day step) from previous September to current July. Outside of these months, correlations are 
insignificant for all chronologies. Months of the previous year are marked with an asterisk (*). Shades show differences 
between climatic responses of sub-sets A and B. Black dashed lines show significance level p = 0.05. 
 
 Figure 8 Low-frequency components (series smoothed by 11-year centered moving average): comparison of 
September–April temperatures (a) and October–December precipitation (b) with the most sensitive to them sub-set 
chronologies (HIGH A and MID A). Inserted frames show actual scatter plots and fitted linear regressions of respective 
climate–growth relationships. 
 
  
Table 1 Weather stations and their climatic characteristics. 
Station 
Coordinates 
Average climatic variables for 1951-1980 and 1981-2010 periods 
(numerator and denominator, respectively) 
Mean temperature, Т (°С) Precipitation, Р (mm) 
N E 
h 
(m asl) 
Nov–Mar Apr–Oct year Nov–Mar Apr–Oct year 
Cheryomushki 
(Cher) 
52.87
° 
91.42° 330 
-10.5±2.0 
-6.4±1.6 
11.2±0.53 
11.9±0.6 
2.1±0.9 
4.3±0.9 
73±21 
75±27 
447±86 
464±74 
519±92 
539±78 
Minusinsk 
(Min) 
53.70
° 
91.70° 250 
-14.1±2.1 
-12.1±2.0 
11.4±0.6 
11.8±0.7 
0.8±0.9 
1.9±1.0 
49±19 
48±14 
290±59 
314±56 
339±63 
362±60 
Olenya Rechka 
(OlR) 
52.80
° 
93.23
° 
1400 
-15.0±1.4 
-13.9±1.3 
4.8±0.6 
5.4±0.7 
-3.5±0.7 
-2.6±0.8 
322±71 
325±98 
930±142 
911±148 
1252±156 
1236±181 
Mean ± standard deviation are calculated for months with negative (Nov–Mar) and positive (Apr–Oct) temperatures, 
which were estimated from Cheryomushki station data. Significant at p < 0.05 differences between mean values for 
1951-1980 and 1981-2010 periods are bold. 
 
 
Table 2 Main statistics of the TRW chronologies. 
Statistic 
characteristics 
Chronology 
LOW LOW A LOW B MID MID A MID B HIGH HIGH A HIGH B 
General 
Time span, years 1904-
2015 
1911-
2015 
1904-
2015 
1875-
2015 
1875-
2015 
1877-
2015 
1724-
2015 
1740-
2015 
1724-
2015 
Length, years 112 105 112 141 141 139 292 276 292 
Number of trees 28 11 16 41 24 16 38 15 23 
Age (min-max), years 39-112 39-103 47-112 36-141 36-141 36-139 73-292 73-276 73-292 
Average age, years 72 60 83 111 95 100 170 157 140 
Mean of trees (min-
max), mm 
1.12-
3.98 
1.12-3.01 1.37-
3.98 
0.23-
1.77 
0.41-
1.66 
0.23-
1.77 
0.38-
1.13 
0.38-1.11 0.42-1.11 
Average mean TRW  
for set of trees, mm 
2.25 2.36 2.09 0.99 0.95 1.02 0.72 0.67 0.76 
Standard indexed chronologies 
Standard deviation 0.202 0.226 0.254 0.170 0.224 0.168 0.187 0.221 0.211 
Mean inter-serial  
correlation* 
0.265 0.405 0.430 0.240 0.351 0.329 0.272 0.291 0.396 
Signal-to-noise ratio 10.1 7.5 12.1 12.9 13.0 7.8 14.2 6.2 15.1 
Mean sensitivity 0.139 0.140 0.125 0.119 0.126 0.124 0.140 0.160 0.142 
First-order  
autocorrelation 
0.752 0.688 0.830 0.656 0.770 0.640 0.564 0.621 0.648 
* Mean inter-serial correlation calculated with 50-year window and 1-year step. 
 
 
Table 3 Correlations between sub-set standard TRW chronologies during their common period (1911-2015). 
Chrono- 
logy 
LOW  
А 
LOW  
В 
MID  
А 
MID  
В 
HIGH  
А 
HIGH  
В 
LOW А  0.22 0.16 -0.22 0.15 -0.04 
LOW В 0.22  0.21 0.23 -0.02 -0.36 
MID А 0.16 0.21  0.33 0.47 -0.33 
MID В -0.22 0.23 0.33  0.13 0.10 
HIGH А 0.15 -0.02 0.47 0.13  0.40 
HIGH В -0.04 -0.36 -0.33 0.10 0.40  
Significant at p<0.05 correlation coefficients are bold. 
 
 
  
Table 4 Correlations of sub-set standard TRW chronologies with climatic factors of cold season, May and June. 
Climatic factor LOW A LOW B MID A MID B HIGH A HIGH B 
1951-2015 
T Nov*-Apr 0.324 0.178 0.509 0.155 0.406 -0.328 
T May -0.200 -0.170 -0.088 0.060 0.004 0.076 
T Jun 0.039 -0.008 -0.104 -0.396 0.173 0.006 
P Oct*-Dec* 0.336 0.164 0.323 -0.068 0.374 -0.036 
P May 0.299 0.079 0.204 -0.142 0.051 -0.159 
P Jun -0.069 -0.178 0.081 0.038 0.164 -0.017 
1951-1980 
T Nov*-Apr 0.575 0.447 -0.185 -0.080 0.143 -0.227 
T May -0.068 -0.286 -0.017 -0.438 -0.050 0.316 
T Jun 0.216 0.228 -0.216 -0.137 0.201 -0.070 
P Oct*-Dec* 0.298 0.168 -0.097 0.195 0.216 -0.142 
P May 0.001 0.275 -0.046 0.377 0.156 -0.336 
P Jun 0.033 -0.075 -0.256 -0.320 -0.181 -0.072 
1981-2010 
T Nov*-Apr -0.001 -0.144 -0.107 -0.191 -0.198 -0.359 
T May -0.250 -0.194 -0.132 -0.283 -0.179 -0.149 
T Jun -0.100 -0.093 -0.479 -0.182 0.292 0.003 
P Oct*-Dec* 0.250 -0.036 -0.154 0.292 0.409 0.250 
P May 0.362 -0.027 -0.131 0.225 0.033 -0.023 
P Jun -0.282 -0.336 0.279 0.104 0.303 0.107 
Significant correlation coefficients are bold (at p < 0.05) or bold italic (at p < 0.10). Months of the previous year are 
marked with an asterisk (*). 
  
   
   
   
Appendix 1 Photo of sampling sites: HIGH – Pelekhov pass (a, b); MID – waterfall on the Talovka stream (c, d); LOW 
– Talovka camping (e, f). 
  
(a) 
(c) 
(e) 
(b) 
(d) 
(f) 
Appendix 2 Relationships of Cheryomushki (Cher) monthly climatic series (1951-2015) with corresponding series 
from Minusinsk (Min) and Olenya Rechka (OlR) stations estimated with linear regression. 
Month 
Minusinsk Olenya Rechka 
equation R2 R equation R2 R 
Temperature 
Jan TMin=0.98 TCher -6.13 0.780 0.883 TOlR =0.54 TCher -11.24 0.676 0.822 
Feb TMin=0.98 TCher -5.98 0.828 0.910 TOlR =0.59 TCher -9.53 0.762 0.873 
Mar TMin =1.09 TCher -2.57 0.880 0.938 TOlR =0.68 TCher -7.06 0.740 0.860 
Apr TMin =1.03 TCher -0.56 0.959 0.979 TOlR =1.11 TCher -7.56 0.932 0.965 
May TMin =1.03 TCher +0.03 0.929 0.964 TOlR =1.09 TCher -8.18 0.890 0.943 
Jun TMin =1.09 TCher -0.33 0.845 0.919 TOlR =1.07 TCher -7.40 0.817 0.904 
Jul TMin =1.03 TCher +0.75 0.908 0.953 TOlR =0.95 TCher -5.23 0.827 0.910 
Aug TMin =0.98 TCher +0.80 0.895 0.946 TOlR =1.10 TCher -7.48 0.874 0.935 
Sep TMin =0.85 TCher +0.98 0.854 0.924 TOlR =1.08 TCher -6.55 0.641 0.801 
Oct TMin =0.80 TCher -1.02 0.831 0.912 TOlR =0.85 TCher -6.12 0.785 0.886 
Nov TMin =0.96 TCher -3.74 0.864 0.930 TOlR =0.63 TCher -8.63 0.770 0.877 
Dec TMin =0.93 TCher -6.10 0.805 0.897 TOlR =0.52 TCher -11.3 0.738 0.853 
Precipitation 
Jan PMin =0.41 PCher +3.8 0.254 0.503 POlR =1.45 PCher +31.1 0.147 0.384 
Feb PMin =0.44 PCher +2.4 0.435 0.659 POlR =2.01 PCher +21.3 0.416 0.645 
Mar PMin =0.37 PCher +2.6 0.315 0.561 POlR =2.20 PCher +35.7 0.348 0.590 
Apr PMin =0.26 PCher +7.2 0.334 0.578 POlR =1.67 PCher +46.9 0.613 0.783 
May PMin =0.30 PCher +15.0 0.350 0.592 POlR =1.11 PCher +50.4 0.544 0.737 
Jun PMin =0.53 PCher +13.1 0.428 0.654 POlR =0.61 PCher +80.1 0.190 0.436 
Jul PMin =0.34 PCher +32.4 0.209 0.457 POlR =0.41 PCher +136 0.068 0.261 
Aug PMin =0.43 PCher +22.4 0.181 0.425 POlR =0.88 PCher +90.0 0.359 0.599 
Sep PMin =0.54 PCher +12.8 0.430 0.656 POlR =1.06 PCher +57.8 0.450 0.671 
Oct PMin =0.33 PCher +12.2 0.463 0.681 POlR =1.43 PCher +50.8 0.700 0.836 
Nov PMin =0.33 PCher +6.7 0.339 0.582 POlR =1.90 PCher ++50.0 0.461 0.679 
Dec PMin =0.45 PCher +3.9 0.356 0.597 POlR =2.88 PCher +28.2 0.295 0.543 
All correlation coefficients (R) are significant at p < 0.05. 
 
 
 
Appendix 3 Distributions of Picea obovata TRW statistical characteristics: sensitivity coefficients for local/sub-set 
chronologies during all their time span (a), and inter-serial correlation coefficients for local sets and sub-sets of 
individual TRW series (b). 
  
 Appendix 4 Location scheme of trees classified into A (orange marks) and B (blue marks) sub-sets on example of LOW 
sampling site 
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